Abstract. This paper presents the design, fabrication and measurements of a Low
Introduction
Recently, there has been substantial effort devoted to the development of antennas that would cover the millimeter wave range, leading to a sharp increase of many technologies in this frequency range. It is a big challenge to implement antenna design beyond 100 GHz because the uncertainties and tolerances of the fabrication process as well as material characteristics both affect antenna performance more significantly. Moreover, a very important issue for system cost reduction is the integration of the antenna with other components in a wireless millimeter waves system.
Taking into account the aforementioned requirements, Low Temperature Co-fired Ceramic Technology (LTCC) can be considered a promising technology for manufacturing mm-wave antennas. This technology has been developed over many years and is usually used in devices operating at frequencies below 100 GHz. The main advantages of LTCC technology are: a 3D multilayer structure, very good control of technological aspects and obtaining precise repeatability, flexibility in the number of layers and kinds of materials used, the possibility of integrating lumped and distributed elements, and also the possibility of on-chip mounting by using flip-chip or wire-bonding techniques. Moreover the thermal coefficient of LTCC materials is comparable to semiconductor structures, which implies a high density of mounting integrated circuits in a small area.
In recent years, a few papers have described LTCC antennas and array antennas operating in the frequency range above 100 GHz [1] [2] [3] [4] [5] . However, most of the presented approaches are complicated, especially through the use of many vias, which greatly increase the manufacturing cost. Moreover, there is a problem with antenna efficiency due to antenna design and material losses. Considering the problems mentioned relating to the frequency range above 100 GHz, we propose the LTCC leaky wave antenna as a good candidate for this range.
Generally, leaky wave antennas are used for many applications in which the functionality of frequency scanning can be useful [9] , [10] . The antenna radiation pattern is generated by a current distribution, which is obtained by setting the proper distance between metallic plates on the top of the LTCC material layer. However, sometimes the option of obtaining broadside radiation, especially in a broadband frequency range, is demanded. The main problem of obtaining the broadside radiation in leaky wave antennas is the occurrence of increased Voltage Standing Wave Ratio (VSWR) [7] . In order to decrease the effect of higher VSWR level, an irregular distance between neighboring radiators has been proposed [7] , [8] . Also, this antenna consists of only two LTCC layers which is a very low cost solution in comparison to antennas documented in the literature [1] [2] [3] [4] [5] . Moreover, in this type of antenna radiating structure, special vias are not required to ensure proper antenna signal excitation.
In this paper, the results of the study of a low cost D-band LTCC leaky wave antenna optimized for broadside radiation are presented and discussed. To the authors' best knowledge, such type of manufactured and measured LTCC leaky wave antenna operating in the frequency range above 100 GHz has not been extensively investigated so far. The antenna can be integrated in a simple way with other passive and active components of a wireless system.
Design and Manufacture of LTCC Antenna
The principle of operation a leaky wave antenna can be considered as a linear array of periodic radiating elements [8] where the main beam direction is described as:
where k 0 is the free space wavenumber, β d is the phase constant in a dielectric substrate, λ d is the wavelength in a dielectric substrate, d is the distance between radiators, n = 0, ±1, ± 2, ±3,… Taking into consideration the possibility of using LTCC technology in the frequency range above 100 GHz, certain assumptions have been made: the utilization of commonly available LTCC materials, the simplicity of structure design and the possibility of integration of manufactured antennas with a proper transition in order to measure antenna characteristics. Based on these requirements, the antenna has been designed using the LTCC DuPont 9k7 material. After a firing process the single layer thickness is approximately 115 μm. The properties of this ceramic material have been measured in the 90 GHz to 140 GHz frequency band with a special measurement setup [11] . The measured relative electrical permittivity of the material is ε r  7.35 and the loss tangent is tanδ  0.01.
The appropriate choice of radiating structure depends on several factors, e.g. LTCC material properties, thickness of a single material layer, capabilities of manufacture technology and so on [12] , [13] . In Fig. 1 , five structures are shown which have been taken into consideration during the design process of the antenna. One of the structures ( Fig. 1 .a) consists of one material layer only and the others ( Fig. 1 .b-e) are designed with two layers of LTCC. All structures are fed by waveguide port at the beginning of the structure to provide a surface wave source in order to feed the antenna aperture. The effects of distortion on the radiation pattern produced by the waveguide transition have not been considered in this part of the simulation. The results of this experiment have shown the influence of the number of LTCC layers and radiating structure pattern on the radiation pattern and the possibility of broadside radiation.
Each of the structures has been optimized to achieve the minimal requirements: broadside radiation and S 11 below -10 dB. The first structure ( Fig. 1.a) consists of only one layer of LTCC material of thickness h 1_layer = 115 μm. On top of this layer regular metalized strips have been placed. This kind of structure was the simplest antenna to have been considered, but unfortunately such a thin LTCC layer was not able to meet the requirement of broadside radiation. The simulated results of S 11 and the main beam direction for each radiating structure are presented in Fig. 2.a) and Fig. 2.b) , respectively.
Due to the failure of sufficient broadside radiation, the single LTCC layer antenna was rejected for further consideration. The second (Fig. 1.b ) and the third (Fig. 1.c) structures consist of two plane LTCC layers and metalized regular and irregular deployed strips. As can be seen in Fig. 2(b) , the direction of the main beam of each structure is similar. However, the levels of the reflection coefficients are not satisfactory, especially in a case of broadside radiation. The effect of higher VSWR is caused by the constructive interference of in-phase signals reflected from the regular structure of metalized strips. The irregular placement of metalized strips allows for a lower S 11 in a wider frequency range and also minimization of the beam scanning effect in the antenna operating frequency. However, the main beam direction in the cases shown in Fig. 1.b) and Fig. 1.c) varies approximately from 20° to 30°, respectively, which is not a satisfactory result. Moving forward, the fourth ( Fig. 1.d) and fifth ( Fig. 1 .e) structures have been additionally corrugated which further improved S 11 and also minimized the main beam scanning in a broadband frequency. The best results were obtained for the irregular corrugated structure with metalized corrugated layer, which is depicted in Fig. 1.e) . The final simulation of the antenna with a proper radiating structure and the waveguide transition was carried out and the dimensions of the optimized antenna are shown in Fig. 3 .
In Fig. 4 the simulated radiation pattern in both E and H planes are depicted. The main beam of the radiation pattern is near the broadside radiation of the antenna. In the 10 GHz bandwidth range from 125 GHz-135 GHz, the main antenna beam scanning is less than 8° in the E plane. The average 3dB beam width in the operating bandwidth is approximately 9° which means that even though the antenna beam squint is 8°, the scanned area is always in the 3 dB beamwidth. The gain computed in the simulated antenna for frequencies 125 GHz, 130 GHz and 135 GHz has been obtained as follows: G 125 = 12.3 dBi, G 130 = 12.0 dBi, G 135 = 11.5 dBi, respectively. Depending on the frequency, the side lobe level (SLL) is below 6 dB in the worst case and for the middle frequency the SLL is better than 10 dB. The radiation pattern in the H plane is wider than in the E plane which is caused by the narrow antenna radiating structure in the H plane. The designed structure was manufactured by laser embossing green ceramic sheets, laminating and co-firing the two prepared layers. In the last step, printing of conductive paths on top of the corrugated layer using ESL 9916 paste was performed [14] . The thickness of the top metal layer obtained by screen-printing technique is approximately 10 μm. The manufactured antenna dimensions (L = 26.40 mm, w = 1.47 mm), a zoomed-in part of the structure, and size comparison with 1€ coin, are depicted in Fig. 5.a) , b) and c), respectively.
In Fig. 5 .b) some bleeding on the edge of bar structures can be seen. This is the effect of melting the LTCC material during the firing process. Also, shrinkage of the DuPont material [13] may affect the dimensions of the radiating structure. In order to investigate the manufactured physical leaky wave antenna, a suitable measurement setup was used for obtaining the antenna radiation pattern measurement results. These results are presented in the next section.
Measurement Results
In this section, the measurement results of the fabricated antenna are presented. The measurement setup includes: vector network analyzer, two frequency extenders, which operate in the 90 GHz-140 GHz frequency band, a rotating table, positioners for manually moving the extenders in five axes. By using twisted waveguides it is possible to measure an antenna radiation pattern in two orthogonal polarizations, the E and H planes. The rotary table position is in the range of -90° to +90°. In the current configuration, the rotational accuracy of the positioner is less than 0.1°. The positioning accuracy of the frequency extender is one micrometer in all possible directions.
The LTCC leaky wave antenna is fed using a special transition, which was designed and manufactured for this study (Fig. 6) . The transition consists of two parts: a main plate (Fig. 6.a) , which is the base for the antenna radiating structure and the second part, a cover with holes ( Fig. 6.b) to screw the whole transition to the end of the frequency extender waveguide. Figure 7 shows three measurement scenarios of the leaky wave antenna mounted to the transition waveguide output: Fig. 7 .a) -the antenna is placed on an uncovered metal plate, Fig. 7.b) -the metal plate with stuck absorber and Fig. 7 .c) -the antenna with the narrow metal plate.
In Fig. 8 the simulated and measured reflection coefficients of the designed antenna are illustrated, which agree well. The radiation pattern in the H plane is in accordance with the simulations which is shown in Fig. 9 . Figures 10  to 12 present the radiation patterns in the E plane, where the x axis shows the operating antenna frequency and, in the y axis, the direction of the main antenna beam is presented. The comparison with Fig. 2 shows similarity of the main beam squint in the frequency range. The dependency of antenna radiation squint close to broadside direction can be observed.
The presented radiation patterns for three antenna scenarios (Fig. 7) show, that changing the closest radiating structure environment implies differences in measured characteristics. The main beam direction is very close in all cases, and a little shifted according to broadside radiation. This is caused by different effective material permittivity due to sticking the antenna radiating structure to the metal plate. The radiation pattern beyond the main beam is slightly changed. These changes are affected by different antenna mountings on metal or with absorber covered (Fig. 7) . These facts should be taken into account during integration of the antenna with other millimeter wave components and packaging processes. Figure 13 shows the maximum realized antenna gains for the operating bandwidth in the range of E plane angles between -30° and +30°. The minimum measured gain is greater than 7 dBi.
Conclusion
In this paper, the investigation of an LTCC broadside antenna operating in the 125 GHz to 135 GHz range has been presented. The obtained measurement results show a good agreement with simulated results. The reflection coefficient S 11 is less than -10 dB in the operating bandwidth, the main beam squint is below 8 degrees and the minimum measured gain is greater than 7 dBi. Also, the paper shows the differences in radiation patterns, when different structures are present in the antenna's environment (Fig. 7) . Moreover, the design of the antenna under study has allowed for testing of LTCC technology implemented in an antenna operating in the range of over 100 GHz, which has not been thoroughly investigated in leaky wave antennas so far. The possibility of manufacturing the designed antenna in this frequency range is very optimistic for future communication systems operating beyond 100 GHz, where LTCC technology would be used.
